ABSTRACT: Neurite outgrowth is a fundamental step in establishing proper neuronal connections in the developing central nervous system. Dynamic control of outgrowth has been attributed to changes in growth cone Ca 2+ levels in response to extracellular cues. Here we have investigated a possible role for Ca 2+ permeable kainate (KA) receptors in regulating neurite outgrowth of nociceptive-like dorsal root ganglion (DRG) neurons. To identify KA receptor subunits likely to be involved, we used quantitative RT-PCR on acutely dissociated DRG and dorsal horn neurons. DRG neurons expressed more GluK1, particularly the GluK1b spice variant, than dorsal horn neurons. Conversely, dorsal horn neurons expressed more GluK2, particularly GluK2a, than DRG neurons. Further, an RNA editing assay indicated that the majority of GluK1 and GluK2 mRNA transcripts in DRG were unedited. Imaging Ca 2+ transients following application of a KA receptor agonist to DRG and dorsal horn co-cultures revealed increases in intracellular Ca 2+ in the growth cones of DRG neurons. In the majority of cases, this increase in Ca 2+ was partly or completely blocked by Joro spider toxin (JSTX), an antagonist for Ca 2+ -permeable AMPA and KA receptors. Treatment of DRG/dorsal horn co-cultures with KA for 18 hours suppressed neurite outgrowth while application of the rapidly desensitizing KA receptor agonist SYM 2081, the competitive AMPA/KA receptor antagonist, CNQX, and JSTX or philanthotoxin enhanced neurite outgrowth and prevented KA effects on neurite outgrowth. Thus, Ca 2+ entry through KA receptors at the growth cone of DRG neurons may be an important regulator of neurite outgrowth. ' 2011 Wiley Periodicals, Inc. Develop Neurobiol 71: 818-835, 2011 
INTRODUCTION
During embryonic and early postnatal development, neurons assemble into functional networks by growing axons and dendrites that become synaptically connected. Outgrowth proceeds due to the dynamic behavior of growth cones that guide the growing neurites through the complex environment of the developing tissue to reach their appropriate targets for selective synaptic contacts (Tessier-Lavigne and Goodman, 1996; Dickson, 2002) . The guidance of the growth cone during this process of extension depends heavily on its response to extracellular cues, including specific molecules bound to extracellular matrix and diffusible chemotropic factors such as netrins and growth factors (Dickson, 2002) . Additionally, diffusible neurotransmitters, including glutamate, have been implicated in regulation of the rate and direction of neurite outgrowth (Mattson et al., 1988; Tashiro et al., 2003; Schmitz et al., 2009) . Previous studies have demonstrated that some extracellular cues regulate growth cone dynamics by causing different spatiotemporal changes in cytosolic Ca 2+ level (Gomez and Spitzer, 1999) , possibly by shifting the membrane potential of the growth cone (Nishiyama et al., 2008) or by directly mediating Ca 2+ influx (Metzger et al., 1998; Catsicas et al., 2001) .
Small diameter, high threshold dorsal root ganglion (DRG) neurons, including Ad and C fiber-associated neurons, contact dorsal horn neurons around the time of birth in rodents (Fitzgerald and Jennings, 1999) . These afferent neuron populations are mainly responsible for detecting noxious, temperature, and itch stimuli. Many of these peripheral neurons, particularly the C fiber associated neurons, express KA receptors, a subpopulation of glutamate receptors (Huettner, 1990) . Over the last few days of embryonic development through the first few postnatal days in rats, these KA receptors change from a predominantly Ca 2+ -permeable form to a predominantly Ca 2+ -impermeable form (Lee et al., 2001 ). This raises the interesting question of what function the Ca 2+ permeable KA receptors have during the development and outgrowth of the high threshold primary afferents within the dorsal horn at this critical time.
The molecular structure that determines Ca 2+ permeability of KA receptors has been known for some time (Traynelis et al., 2010) . Kainate receptors containing GluK1 (formerly GluR5) or GluK2 (formerly GluR6) subunits can be Ca 2+ -permeable when the subunits are unedited (Egebjerg and Heinemann, 1993; Kohler et al., 1993) . These unedited subunits are highly expressed in most brain areas during embryonic development (Paschen et al., 1994 (Paschen et al., , 1995 . Similarly, embryonic and early postnatal nociceptive DRG neurons express unedited GluK1 and the corresponding Ca 2+ permeable KA receptors (Lee et al., 2001) . It is possible that these receptors may initiate Ca 2+ entry to regulate early developmental processes such as neurite outgrowth in DRG neurons. A similar role has been proposed for Ca 2+ permeable KA receptors expressed by ciliary ganglion neurons (Olsen et al., 2007) . Here we test the hypothesis that KA receptors are expressed on growth cones of putative nociceptive DRG neurons, are highly Ca 2+ -permeable and are able to influence neurite outgrowth. We have used a model system in which one or two embryonic DRG neurons are grown on a microisland together with one or two dorsal horn neurons. Synapses form between the DRG and dorsal horn neurons within 5 days in this model system (Joseph et al., 2010) , allowing us to test whether KA receptors play a role in the events leading up to synapse formation.
MATERIALS AND METHODS

Preparation of Acute and Microisland Co-Cultures
Preparation of collagen microisland co-cultures has been previously described in detail (Albuquerque et al., 2009a,b,c,d; Joseph et al., 2010) . Briefly, DRG and dorsal horn neurons were isolated from rat Sprague-Dawley rat embryos aged 17 days in utero. Pregnant rats were killed by CO 2 asphyxiation followed by cervical dislocation, and the embryos were removed and transferred to ice-cold Leibowitz-15 medium (Invitrogen). Animals were sacrificed according to the guidelines approved by Columbia University Institutional Animal Care and Use Committee. Isolated DRG and dorsal horns were incubated in dishes maintained at 378C in Ca 2+ -Mg 2+ -free Modified Eagle Medium (MEM) containing 0.25% trypsin (Invitrogen) for 20 min. After enzymatic digestion, isolated cells were suspended in MEM plating medium (Invitrogen) containing 4.5 g/L of glucose, MEM vitamins (Invitrogen), and 4% B-27 supplement (Invitrogen) before plating on astrocyte microislands (Albuquerque et al., 2009a,b,c,d) . Plating density was usually 6000 to 8000 dorsal horn neurons per dish, and 10,000 to 15,000 DRG neurons per dish. 2.5S nerve growth factor (10 ng/mL) and glial-derived neurotrophic factors (50 ng/mL) were added at the time of plating. Then 5-fluoro-2 0 -deoxyuridine (10 lM) was added after 2 days in culture. For experiments using acutely dissociated DRG neurons, cells were plated directly on glass coverslips pretreated with poly-d-lysine (PDL; 1 mg/mL) and laminin (20 lg/mL). Cultures were kept at 378C in a 5% CO 2 -enriched atmosphere. DRG neurons were easily distinguished from dorsal horn neurons by their distinctly larger diameter, phasebright soma, and finer neurites.
Ratiometric Ca 2+ Imaging
Acute DRG and dorsal horn neurons were loaded by using 3 lM Fluo-4 AM and 5 lM FuraRed AM Ca 2+ -sensitive dyes (Molecular Probes) in HEPES buffer containing (in mM) 145 NaCl, 5 KCl, 2 CaCl 2 , 10 HEPES, 2 MgCl 2 , and 5.5 glucose, pH 7.3, 325 mOsm for 30 to 40 min at room temperature and then washed three times in the same buffer to remove surplus dyes. A coverslip of Fluo-4 and Fura Red-loaded DRG/dorsal horn neurons was mounted in a perfusion chamber (400 lL volume) and perfused with HEPES buffer at 2 mL/min. Changes in intracellular Ca 2+ were detected with a confocal imaging system (C1; Nikon) mounted on a TE300 inverted microscope (Nikon). Dyes were excited with the 488 nm line of a solid state laser. Fluorescence was detected using 505 to 550 nm band-pass (Fluo-4 emission) and >635 nm long-pass (Fura Red emission) filters. Images were captured using a 403, 1.30 NA Plan Fluo oil-immersion objective and at a rate of 3 Hz. Ca 2+ transients were recorded in response to domoate application in the presence of strychnine (1 lM), SR 95531 (10 lM), and GYKI 53655 (50 lM). Analysis of the specified subcellular regions of DRG neurons was established by outlining regions of interest whose mean fluorescent intensity in each frame was determined by Nikon confocal software. To assess whether the KA receptors activated during drug application included the Ca 2+ -permeable subpopulation of KA receptor, domoate was reapplied in the presence of JSTX (3 lM). Each drug was diluted to final concentration in HEPES buffer and applied for 20 to 40 sec via bath perfusion. The change in Ca 2+ signal at the growth cone, the process near the growth cone, and cell body was determined 
Isoform specific primers were generated from nucleotide sequences for the different isoforms of GluK1 and GluK2 constructs previously described in (Jaskolski et al., 2004) . Constructs and nucleotide sequences of the GluK1 and GluK2 isoforms were kindly provided by Christophe Mulle. The sizes of the resulting products from primer pairs are given in base pairs.
by the percentage change in the ratio (R) of Fluo-4 to Fura red fluorescence (DR/R) 3 100%) in those regions of the DRG neuron, normalized to the baseline ratio measured before drug application. All experiments were performed at room temperature.
Ca
2+ Imaging in Combination with Focal Application of Domoate
Neurons were loaded with the Ca 2+ indicator dyes and imaged as described above, with the following modifications. Cells were perfused by HEPES buffer solution containing the cocktail of drugs described above with the addition of tetrodotoxin (TTX; 500 nM). Domoate (1 lM; prepared in the perfusion solution) was focally applied from a puffer pipette fabricated from borosilicate thin-walled glass capillary tube (1.5 mm O.D., 1.1 mm I.D.) using a P-97 Flaming-Brown micropipette puller (Sutter Instruments). The dimensions of the puffer pipette were similar to those of a pipette typically used for patch clamp experiments. Before the growth cone experiments, the optimum size and orientation of the pipette and the duration of the \puff" was ascertained using DIC imaging and a tracer dye. Domoate was ejected from the pipette tip by two pulses of pressurized N 2 (20 kPa) of 100 ms duration, 20 ms apart, controlled with a Picospritzer (Parker-Hannifin). The pipette was positioned 30 lm laterally and 10 lm vertically from the center of the growth cone or soma under investigation. The local application of domoate was synchronized to image acquisition using Clampex 9.2 software, a Digidata 1322A A/D converter (both Molecular Devices) and the trigger function of the EZ 3.60 software (Nikon) used to acquire confocal images. For each domoate application, a series of 35 images were acquired at approximately 2 Hz. Images were analyzed using ImageJ software (NIH; available at: http://rsb.info.nih.gov/ij) using the \Bio-Formats" plug-in and custom-written macros.
Preparation of cDNA Templates
Total RNA was extracted from separately dissociated DRG and dorsal horn neurons isolated from E17 rats using the RNeasy kit (Qiagen). Reverse transcription was carried out with SuperScript III reverse transcriptase following manufacturer's instructions (Invitrogen). Briefly, RNA (1-2 lg), oligo (dT) or random hexamer as primers (Invitrogen), dNTP mix (New England Biolabs, 20 mmol of each) were mixed on ice. The mixture was heated to 658C for 5 min to allow for primer annealing and then incubated on ice for at least 1 min. Following incubation on ice, another mixture of 53 first strand buffer, 14 mM DTT, 200 units of SuperScript III reverse transcriptase, and 40 units of RNAseOUT recombinant RNAse inhibitor (Invitrogen) was added to the previous reaction mixture. The total reaction volume was 20 lL. Incubation for 50 min at 508C was carried out in a thermal cycler, followed by 708C for 15 min to inactivate the transcriptase. Reverse transcription was performed on each RNA sample with no added SuperScript III reverse transcriptase. PCR carried out on this resultant RT product generated no PCR product, confirming absence of genomic DNA contamination. The cDNA samples were stored at À208C until required.
Primer Design
The oligonucleotide primers used for the editing assay and deaminase expression have previously been described (Belcher and Howe, 1997) . Primers used in the quantitative and end point RT-PCR experiments were designed with Frodo software (MIT). To avoid amplification of genomic DNA, primers were designed to span an intron. To ensure that the primers were specific for the gene of interest, primer sequences were searched against the mouse and rat genome using BLAST. Quantitative and end-point RT-PCR GluK1 and GluK2 primers were designed to recognize homologous regions in the respective isoforms (GluK1 or 2 total primers). Isoform specific primers were designed to recognize unique regions of the GluK1 or GluK2 isoforms. Primer sequences are shown in Table 1 .
End-Point RT-PCR
PCR was carried out in a total volume of 50 lL, using HotStart Plus DNA polymerase (Qiagen). A \master mix" of the PCR reaction components was prepared before addition to individual PCR tubes to minimize pipetting errors, and all samples underwent PCR at the same time in the same experiment. Reaction mixture consisted of 1 lg of DRG or dorsal horn complementary DNA (cDNA), 10 pmol of each primer pair, 200 lM deoxynucleoside triphosphates (dNTPs), 50 mM KCl2, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , and 0.5 lL of HotStart Plus DNA polymerase (Qiagen). Unless otherwise noted, standard PCR conditions consisted of 1 cycle of 948C for 2 min; 35 cycles of: 948C for 30 sec, annealing temperature for 30 sec, 728C for 30 sec; 1 cycle of 728C for 10 min. The annealing temperatures used for qualitative RT-PCR were as follow: 578C for GluK6a, 588C for ADAR2 and GluK1, 608C for ADAR1 and GluK2, and 508C for GluK2b and all GluK1 splice forms. The primers used for PCR amplification, expected PCR product sizes, and their respective annealing temperatures are listed in Table 1 . PCR products were run on 2% agarose gels and stained with ethidium bromide. Appropriate negative control PCR reactions were run in parallel.
BbvI Restriction Fragment Length Polymorphism Analysis of Editing at the Q/R Site
The extent of RNA editing at the Q/R sites of GluK1 and GluK2 were determined using a protocol based on differential digestion of RT-PCR products with the restriction enzyme BbvI (Belcher and Howe, 1997; Bernard et al., 1999) . DRG and dorsal horn neuron RT-PCR products were amplified using GluK1 or GluK2-specific primers under conditions described above. Resulting PCR products (10 lL of a 50 lL reaction) were completely digested for 4 to 6 hours at 378C with 4 to 6 units of BbvI (New England Biolabs). The assay, as reported by previous studies (Belcher and Howe, 1997; Bernard et al., 1999) , contains an additional endogenous BbvI restriction site that provides an internal positive control for the completeness of digested PCR products. Only those samples that were completely digested were analyzed. Following digestion, samples were washed and collected using a PCR clean-up system kit (Promega). Samples were then fractionated on 5% (GluK2 or GluR6) or 6% (GluK1 or GluR5) polyacrylamide gels in TBE buffer. Gels were stained with ethidium bromide for 5 min and destained for 10 to 15 min before being photographed using an Alpha imager 2200 system (Alpha Innotech Corporation).
Quantitative Real-Time RT-PCR
Quantitative real-time RT-PCR (qPCR) was performed using SYBR Green Master Mix following the manufacturer's instructions (Stratagene). Each qPCR reaction comprised 12.5 lL 2X SYBR Green PCR Master Mix, forward and reverse primers at an optimized concentration of 800 nM, 10 ng/lL complementary DRG/dorsal horn DNA template and sterile water up to a final volume of 25 lL. Primer pairs were designed with the aid of Frodo (MIT), the melting temperature was set at 608C, and the length of the amplicon was kept between 100 and 240 bases. Sequences of qPCR primers are listed in Table 1 . All reactions were conducted in duplicate using a Stratagene Mx3000 qPCR Detection System. Negative control was performed with sterile purified deionized water. Unless otherwise noted, standard PCR conditions consisted of three segments. The initial segment was 10 min at 958C and the second segment or thermal profile consisted of 35 cycles of 15 sec at 958C, 30 sec at 568C, and 10 sec at 728C. The third segment consisted of 60 sec at 958C, 30 sec at 558C, and 30 sec at 958C. Melting-curve analysis showed that all PCR amplifications led to a single and specific product. The threshold cycle (C t ) values, the cycle where the fluorescent signal starts to rise above the background signal, were automatically measured by Stratagene Mx3000 qPCR Detection System software. GluK subunit or splice variant expression in DRG neurons relative to expression in DH neurons was quantified using the 2 ÀDDCT method (Livak and Schmittgen, 2001 ). DC T values were calculated using b-actin expression as an internal control. DDC T values were calculated by subtracting DRG neuron DC T values from dorsal horn neuron DC T values.
Immunocytochemistry
DRG dorsal horn co-cultures prepared as described above were washed with PBS two to three times before and after each of the following steps. Cultures were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 1 hour and incubated overnight with a GAP-43-specific primary antibody (1:1000; Chemicon). The cultures were then incubated with an Alexa 488-conjugated secondary antibody (1:400; Invitrogen) then mounted on coverglass with Fluoromount-G (SouthernBiotech). Phasecontrast or DIC and fluorescence images were captured with an Axiocam CCD camera mounted on a Zeiss Axioplan 2 microscope with a 203 1.4 NA objective (Zeiss) using Openlab imaging software (Improvision). For clarity, adjustments to the brightness and contrast of the images were made using Photoshop 7.2 software (Adobe Systems).
Image Analysis
For morphological analysis, digital images from 30 to 35 microislands were acquired blind and randomly from 10 dishes over five different cultures. The number and length of primary neurites and growth cone area were quantified using Metamorph software (Molecular Devices). Measurements represent length of longest process neurites/cell and does not include branches. Additional analysis was performed using Excel (Microsoft) and Prism (GraphPad). Statistical comparisons of immunofluorescence were made using one-way ANOVA. All data are reported as mean 6 SEM.
Drugs
Strychnine, lidocaine, philanthotoxin (PhTX), and JSTX were purchased from Sigma. Kainate, CNQX, GYKI 53655, SR 95535, and SYM 2081 were purchased from Tocris Cookson. NGF was from Boehringer Mannheim and GDNF from Promega. All of the drugs were freshly diluted in bath solution to their final concentrations before experiments.
RESULTS
GluK1 and GluK2 mRNA Expression
To test the hypothesis that KA receptors are expressed on DRG neuron growth cones and influence neurite outgrowth under conditions in which synapses can form, we used a culture system that included both embryonic day 17 (E17) DRG neurons and their dorsal horn synaptic target neurons grown together on microisland cultures. Based on prior observations, we knew that GluK1 subunits were expressed by DRG neurons at E17 in primarily an unedited form (Lee et al., 2001 ). However, several splice variants have been described for GluK1 and GluK2 (Pinheiro and Mulle, 2006) , and no information was available about these splice variants in embryonic DRG or dorsal horn neurons. Furthermore, no antibodies were available to clearly distinguish subunit and splice variant distribution in these two populations of neurons. Therefore, we generated specific primers to detect the expression of GluK1 and GluK2 splice variants in acutely dissociated, E17 DRG and dorsal horn cells (Table 1) . Our results show that GluK1 and GluK2 mRNA transcripts and their splice variants are expressed in both DRG and dorsal horn neurons [ Fig. 1(A) ]. We examined the relative abundance of GluK1 and GluK2 transcripts and their known splice variants by qPCR in both DRG and dorsal horn neurons. Using primers specific for all GluK1 splice variants (GluK1 total), we found that GluK1 mRNA transcript was approximately fourfold higher in DRG than in dorsal horn neurons [ Fig. 1(B) ]. In contrast, total GluK2 mRNA transcript was fivefold higher in dorsal horn than in DRG neurons [ Fig. 1(B) ]. These results are consistent with the prevalence of GluK1 mRNA transcripts in DRG neurons shown previously (Partin et al., 1993; Sato et al., 1993; Tolle et al., 1993) .
The abundance of GluK subunit splice variants in DRG neurons relative to dorsal horn neurons was determined using qPCR with primers specific for known splice variants. Of the GluK1 splice variants assayed, the GluK1b mRNA transcripts had the largest difference in expression level between the two neuron populations, having approximately tenfold greater expression in DRG neurons than in dorsal horn neurons [ Fig.  1(B) ]. Conversely, GluK2a mRNA transcripts were fivefold more prevalent in dorsal horn neurons compared with DRG neurons [ Fig. 1(B) ].
Editing of the Q/R Site in GluR5 and GluR6
In addition to splice variants, the diversity of KA receptors is enhanced by RNA editing. As in the case Figure 1 Expression of GluK1, GluK2, ADAR1, and ADAR2 mRNA in acutely prepared DRG and dorsal horn neurons. (A) Total mRNA were isolated from tissues, reverse transcribed, and the transcripts of interest then amplified using PCR. The PCR products were run on a gel and visualized using ethidium bromide staining. (B) Table showing expression of GluK and ADAR transcripts in DRG neurons relative to dorsal horn neurons. Quantification was carried out using qPCR and the DDC T method. Data are displayed as fold expression in DRG neurons relative to dorsal horn neurons. GluK1 is more prevalent in DRG neurons and GluK2 in dorsal horn neurons. GluK1b splice form more prevalent in DRG neurons, whereas GluK2a is most prevalent in dorsal horn neurons. Both types of ADAR are more prevalent in dorsal horns neurons.
of the Q/R editing of AMPA receptors, subunit editing results in KA receptors with low permeability to Ca 2+ and low single-channel conductance (Lerma et al., 2001) . To determine the extent of editing of GluK1 and GluK2 subunits, a restriction enzyme based assay was used (Belcher and Howe, 1997) . GluK1 and GluK2 express a codon for glutamine (Q) at a critical site in the pore loop, M2 domain that can be edited to a codon for arginine (R) by a dsRNA adenosine deaminase (Dingledine et al., 1999; Seeburg and Hartner, 2003) . Editing of KA receptor subunits at the Q/R site results in blocking of receptor Ca 2+ permeability when the edited subunit is included in the receptor tetramer of subunits. This Q (CAG) to R (CGG) substitution in GluK1 and GluK2 also destroys one of the two BbvI recognition sequences (GCAGC) from unedited RT-PCR products. As a result, digestion of GluK1 and GluK2 RT-PCR products with the restriction enzyme BbvI produces restriction fragments of unique lengths for edited and unedited cDNAs (Paschen et al., 1994; Belcher and Howe, 1997; Bernard et al., 1999) .
GluK1 and GluK2 RT-PCR products were generated from acutely dissociated E17 DRG and dorsal horn neurons using specific primer sets (Table 1) . The resulting products were digested to completion with BbvI and separated by polyacrylamide gel electrophoresis [ Fig. 2(A) ]. The molar ratios of the edited and unedited digestion products were determined by quantitative comparison of the fluorescent intensities of specific restriction fragments (Belcher and Howe, 1997) . As shown in Figure 2 (B), GluK2 pre-mRNA transcripts were edited to a greater extent than GluK1 in both DRG and dorsal horn neurons. Further, the extent of GluK2 editing was more pronounced in dorsal horn neurons than in DRG neurons [ Fig. 2(B) ]. In DRG neurons, the majority of mRNA for both subunits was unedited.
Expression of Adenosine Deaminases in Acutely Dissociated DRG and Dorsal Horn Cells
RNA editing of GluK receptor subunits has been attributed to two structurally related adenosine deaminases: ADAR1 (dsRNA-specific adenosine deaminase, dsRAD, or DRADA) and ADAR2 (dsRNA-specific editase 1, RED1) (Schmauss and Howe, 2002) . To determine which of these adenosine deaminases are expressed in acutely dissociated embryonic DRG or dorsal horn cells, end point RT-PCR was used to detect ADAR1 or ADAR2 mRNA. Both ADAR1 and ADAR2 mRNA transcripts were detected in both DRG and dorsal horn cells [ Fig. 1(A) ]. The relative abundance of these transcripts was tested by qPCR. Both ADAR1 and ADAR2 are more abundantly expressed in dorsal horn neurons than in DRG neurons [ Fig. 1(B) ]. These results show that ADAR1 and 2 are present in neurons in DRG and dorsal horn. Notice that editing activity is more prevalent for GluK2 over GluK1. All values are expressed as mean 6 SEM, *p < 0.05, **p < 0.005, ***p < 0.0005 by the Student's t-test, and n > 25 for each condition. Fig. 3(A) ]. Application of the KA receptor agonist, domoate (3 lM), by perfusion across the entire surface of DRG neurons, produced robust increases in intracellular Ca 2+ in the soma, growth cone, and neurite near the growth cone in many neurons. Ca 2+ responses were prompt in onset and peaked during the 60 sec domoate application in the presence of preapplied cocktail consisting of GYKI 53655 (50 lM), strychnine (1 lM), SR95535 (10 lM), and lidocaine (0.5 mM) to block AMPA, glycine, GABA A receptors and all Na + channels, respectively [ Fig. 3(B-D) ]. This concentration of lidocaine is not expected to block the high threshold voltage gated Ca 2+ channels (Sugiyama and Muteki, 1994) . Seventy-five percent (30/40 from six different experiments) of the acutely dissociated DRG neurons responded to domoate application with a measurable increase in intracellular Ca 2+ in all three subcellular compartments (Fig. 3) Figure 3 (B-D), JSTX significantly reduced the Ca 2+ transients in all three compartments indicating an essential contribution of Ca 2+ -permeable KA receptors to activation of the Ca 2+ transients. Bath application of domoate in the presence of lidocaine allowed us to establish that the Ca 2+ transients we recorded in the growth cone were likely to be due to activation of KA receptors expressed near DRG growth cones because lidocaine blocked possible action potential activity. However, there remained the possibility that domoate-induced Ca 2+ elevation in the growth cone was due to intracellular diffusion of Ca 2+ into the growth cone following Ca 2+ elevation in the neurites. Therefore, we activated KA receptors on DRG growth cones by focal application of domoate (1 lM) via a puffer pipette. Figure 4 (A,B) shows the experimental paradigm. In the presence of TTX to block TTX-sensitive Na + channels, domoate was briefly puffed (approximately 200 msec, see Methods) onto a DRG growth cone, producing an immediate Ca 2+ elevation that peaked and quickly returned to baseline as the kainate diffused away [ Fig. 4 (Aii top panels,iii)]. When a similar application of domoate was made to the growth cone while imaging the soma, there was no detectable response [ Fig. 4 (Aii bottom panels,iii)], indicating the absence of back propagating action potentials. The converse experiment in which domoate was focally applied to the soma was also performed [ Fig. 4(B) ]. In these experiments, a small Ca 2+ response was detected at the soma [ Fig. 4 (Bii top panels,iii)]. Figure 4 (Bii bottom panels,iii) shows that when domoate was applied to the soma, there was no response in the growth cone 1.2 sec later when the peak response normally occurs. Interestingly, an elevation of intracellular Ca 2+ was observed at the growth cone but it began to rise with a substantial, *1.5 sec delay, which is after the peak growth cone response when it was activated directly [ Fig. 4(A) ]. The summary of these data are shown in Figure 4 (C). Altogether, these experiments indicate that focal application of domoate onto growth cones elevates intracellular Ca 2+ due to activation of local KA receptors on the growth cones.
Activation of
Finally, to further test if the KA receptors present on DRG growth cones are Ca 2+ permeable, (as suggested by Fig. 3) , the effect of 3 lM JSTX on the Ca 2+ transient induced by locally-applied domoate was determined. As shown in Figure 5 , JSTX depressed or blocked the amplitude of Ca 2+ transients induced by local domoate application in the majority of growth cones tested. On average, Ca 2+ elevation evoked by domoate was significantly reduced to 49 6 17% (p < 0.05, n ¼ 7) of the amplitude of control.
In the experiments where the JSTX was washed out for 20 min and a further domoate application was performed (n ¼ 3/7), the amplitude of the domoateinduced Ca 2+ transient showed partial recovery to 59 6 9% of the control Ca 2+ transient. These results indicate that a substantial portion of the KA receptors on DRG growth cones were Ca 2+ permeable.
Effects on Neuronal Morphology
We tested whether Ca 2+ -permeable KA receptors influence neurite outgrowth and growth cone mor- phology under conditions in which synapse formation will occur (Joseph et al., 2010) . For these experiments, different concentrations of KA, KA receptor antagonists, or KA in the presence of KA receptor antagonists were added to the cells in culture. Eighteen hours after drug addition, cells were fixed and subsequently immunostained for the growth-associated protein, GAP43. This labeling enabled detailed DRG morphology to be clearly identified and any KA receptor-mediated morphological changes to be determined. For each treatment condition, four quantitative morphological measurements were made from DRG neurons stained for GAP43. DRG neurons not in contact with neighboring cells were imaged and the following neuronal morphometrics were measured as illustrated in Figure 6 : length of longest primary neurite, number of primary neurites, number of branches off the primary neurite, and growth cone area.
There were no significant differences among growth cone area measurements for vehicle-and KAtreated cultures at the KA concentrations tested (250 nM, 10 lM, or 100 lM) or with application of KA receptor antagonists. For the antagonists, we used 3 lM SYM 2081, a rapidly desensitizing KA receptor agonist that has been shown to act as an effective and selective KA receptor antagonist (Wilding and Huettner, 1997 ) and has been shown to block activation of both Ca 2+ -permeable and -impermeable KA receptors expressed by DRG neurons (Lee et al., 2001 ). In addition, we used 25 lM CNQX, a nonselective AMPA/KA receptor antagonist. These antagonists were used alone or in combination with KA. Growth cone area showed no significant differences from controls when treated in this way (Table 2) . Furthermore, application of the Ca 2+ -permeable KA and AMPA receptor antagonists, JSTX and PhTX, alone or in combination with KA had no effect on growth cone area (Table 2) .
As with the growth cone area measurements, the number of branches off primary neurites and the number of primary neurites also showed no differences across most of the drug treatments ( Table 2 ). The one exception was that growing DRG neurons in Sym2081 caused a significant increase in the mean number of branches on the primary neurite (Table 2 ).
Neurite Extension
Neurite extension was defined as a change in length of the longest process growing from DRG neuronal cell bodies. Although application of 250 nM KA had no effect on neurite outgrowth, 10 and 100 lM KA depressed neurite length [ Fig. 7(A,B) ]. On the other hand, application of SYM 2081 alone enhanced neurite length as did application of 25 lM CNQX, [Fig. 7(C) ]. Also, application of 3 lM JSTX or 10 lM PhTX resulted in longer neurites demonstrating the involvement of Ca 2+ -permeable KA receptors. Coapplication of 10 lM KA with 3 lM SYM 2081 not only prevented KA effects on suppression of neurite outgrowth but resulted in enhancement of neurite outgrowth similar to antagonist alone. Similarly, coapplication of KA with 3 lM JSTX or 10 lM PhTX enhanced neurite outgrowth [ Fig. 7(D) ]. These results are consistent with a role for Ca 2+ -permeable KA receptors in modulating neurite extension during de- 2+ dependent fluorescence from resting levels in the growth cone under three conditions; local domoate application to the growth cone, then to the soma and finally, a second application at the growth cone. In each instance, the change in fluorescence was measured at the timepoint when the maximum change in fluorescence was observed with the first local application of domoate at the growth cone (error bars show the SEM and *p < 0.05, Student's t-test, n ¼ 5). Figure 6 Microisland assay system illustrating the morphological indices measured. E17 rat DRG and dorsal horn neurons were cultured for 18 hours and processed for immunocytochemistry against GAP-43. Left panel (DIC) shows that very few neurons are on the astrocyte microisland. The DRG neuron (broken arrow) is easily distinguished from the dorsal horn neuron (arrow) by its distinct size and round shape. Right panel shows GAP-43 staining of the same microisland. Red line along the process emanating from the body represents the scheme for our neurite length measurements and the red line in the top inset shows our approach for growth cone area measurements. Notched arrowhead points to a typical branch point emanating from the measured longest process that was quantified. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] 
Note that analysis of neurite length was the most reliable analysis possible for dorsal horn neurons. The data show that those morphological indices are unchanged by KA receptor activation or blockade except for the mean number of branches on the DRG primary neurite in Sym2081. All values are expressed as mean 6 SEM and p values were calculated by one-way ANOVA followed by Dunnett's multiple comparison post hoc tests.
velopment of DRG neurons. Application of the glycine receptor antagonist, strychnine (3 lM), had no effect on neurite length. None of the drug treatments induced significant differences in neurite length of dorsal horn neurons as shown in Table 2 .
DISCUSSION
KA receptors are known to undergo phenotypic changes in Ca 2+ -permeability at a time when nociceptive DRG neurons are forming synapses in the spinal cord dorsal horn (Lee et al., 2001 (n ¼ 98, 88, 42, 67, and 58 ; with mean length of 286 6 17, 432 6 23, 432 6 32, 466 6 29, 391 6 26 lm for control, SYM 2081, CNQX, JSTX, and PhTX, respectively). (D) Simultaneous activation and blockade of these receptors reproduced similar results to antagonists alone (n ¼ 53, 53, 60, 47, and 67 ; with mean length of 271 6 21, 504 6 23, 494 6 27, 464 6 27, 295 6 22 lm for control, KA + SYM 2081, KA + JSTX, and KA + PhTX, and strychnine, respectively). All values are expressed as mean 6 SEM and *p < 0.05, **p < 0.005, ***p < 0.0005 by one-way ANOVA followed by Dunnett's multiple comparison post hoc tests. Scale bar is 50 lm.
to identify the subtype of KA receptors expressed by embryonic day 17 DRG neurons and determine the consequences of their activation during neurite outgrowth in a microisland culture system. Using qPCR, we demonstrated that acutely dissociated DRG neurons primarily express GluK1b and dorsal horn neurons primarily express GluK2a subunits. Consistent with Ca 2+ imaging experiments, the majority of GluK1 and GluK2 mRNA transcripts in DRG appeared to be unedited, suggesting that at least some of the channels formed are permeable to Ca 2+ . This was confirmed by block of domoate-induced Ca 2+ transients using JSTX. Finally, both endogenous and exogenous activation of KA receptors resulted in a reduction of neurite length in growing DRG neurons. Our data support the view that Ca 2+ -permeable KA receptors are important transducers of some of the multiple signals influencing neurite outgrowth during development of DRG neurons.
KA Receptor Expression in Developing DRG and Dorsal Horn Neurons
Pharmacological and knock out studies have suggested that native KA receptors in DRG neurons are constructed of mostly GluK1 subunits while in dorsal horn neurons they are constructed of mostly GluK2 subunits. However, KA responses from DRG neurons in GluK2 À/À mice show differences in desensitization kinetics compared to wild-type mice, suggesting a possible contribution of GluK2 subunits to the agonist activated KA receptors (Kerchner et al., 2002) . In addition, GluK1 selective antagonists LY382884 and LY293558 produced a substantial block in all of the wild-type and GluK2 À/À dorsal horn neurons tested but had virtually no effect on GluK1 À/À neurons, suggesting a substantial contribution of GluK1 subunit to KA receptor mediated current in dorsal horn neurons (Kerchner et al., 2002) . These experiments demonstrated somewhat selective expression of GluK1 and 2 in DRG and dorsal horn neurons, respectively, but did not determine the splice variants involved.
Because there are no antibodies available that provide subunit or splice variant selective labeling of GluK1 and GluK2, we used qPCR to perform a more extensive investigation of subunit and splice variant expression. Our results showed that all splice variants of GluK1 and GluK2 mRNAs are expressed by E17 acutely dissociated DRG and dorsal horn neurons. However, in DRG neurons, the GluK1b splice variant was the most abundant form of GluK1 compared with dorsal horn neurons. In dorsal horn neurons, the GluK2a splice variant was the most abundant form of GluK2 compared with DRG. Different splice variants affect receptor trafficking differently, with GluK2a having the strongest impact on surface expression. When expressed as a heteromer, GluK2a is able to enhance surface expression of other splice variants (Jaskolski et al., 2004) . This raises the possibility that while GluK1b subunits may have a dominant effect on receptor function as shown by antagonist pharmacology (Kerchner et al., 2002) , GluK2a may strongly affect trafficking to the neurites and growth cones. These possibilities will need to be tested.
Editing of GluK1 and GluK2 at the Q/R Site
We assessed the extent of Q/R editing of GluK1 and GluK2 subunits expressed by acutely dissociated DRG and dorsal horn neurons using differential digestion of RT-PCR products by the restriction enzyme BbvI (Belcher and Howe, 1997). The majority of GluK1 and GluK2 transcripts were unedited in the E17 DRG neurons (75% and 68%, respectively) whereas GluK2 was about 45% unedited in dorsal horn neurons. As was the case for DRG neurons, GluK1 was mostly unedited in dorsal horn neurons (72%). The more extensive editing of GluK2 in dorsal horn neurons paralleled the higher expression of mRNA encoding ADAR1 and ADAR2 in dorsal horn compared to DRG. On the other hand, the overall relatively low level of mRNA editing of the other GluK subunits is consistent with the levels of editing activity previously reported for GluK1 and GluK2 transcripts in embryonic tissues from various brain regions (Paschen et al., 1995; Belcher and Howe, 1997; Bernard et al., 1999; Lee et al., 2001) . Furthermore, the relatively minimal editing at the Q/R site in GluK1 and GluK2 transcripts expressed by E17 DRG neurons is consistent with the previously demonstrated expression of Ca 2+ -permeable KA receptors by embryonic DRG neurons (Lee et al., 2001 (Gomez and Spitzer, 1999; Henley and Poo, 2004; Gomez and Zheng, 2006) . Accordingly, intracellular Ca 2+ changes due to glutamate receptor activation have been implicated in regulation of the rate and direction of neurite outgrowth (Mattson et al., 1988; Zheng et al., 1996; Chang and De Camilli, 2001 ). In most cases, the glutamate receptor-induced changes in intracellular Ca 2+ concentration occurs following activation of voltage-gated channels, but a few studies suggest that the Ca 2+ changes may be due to Ca 2+ flow directly through the glutamate receptors (Metzger et al., 1998; Catsicas et al., 2001 ). We show here that functional Ca 2+ -permeable KA receptors are expressed at or near the growth cones of DRG neurons, raising the possibility that they may contribute to Ca 2+ signaling that regulates neuronal morphology during development.
Morphological Changes
The effects of KA receptor agonists and antagonists were tested on morphological changes in DRG neurites and growth cones. Our results show that activation of Ca 2+ -permeable KA receptors plays no role in determining growth cone area, number of primary neurites and number of branches off the primary neurite (Table 2) . However, the results show significant impact on neurite outgrowth.
Activation of KA receptors resulted in shorter neurites emanating from DRG neurons, whereas blockade of these receptors with SYM 2081 and CNQX resulted in longer neurites. More importantly, selective blockade of the Ca 2+ -permeable KA receptors with JSTX and PhTX also resulted in longer neurites, similar to the actions of SYM 2081 and CNQX. There were no changes in dorsal horn neurite length between controls and experimental cultures ( Table  2 ), suggesting that regulation of neurite outgrowth by activation of Ca 2+ -permeable KA receptors was specific to DRG neurons. These results establish a direct functional role for Ca 2+ -permeable KA receptors in neurite outgrowth of DRG neurons similar to studies showing involvement of Ca 2+ -permeable AMPA receptors in neurite outgrowth in rat motor neurons (Metzger et al., 1998) and chick embryonic retinal neurons (Catsicas et al., 2001) .
Our analysis was restricted to the length of the longest neurite, which may not be an ideal approach to measuring total neurite outgrowth. This is because the number of primary neurites is an important factor influencing measurement of total neurite outgrowth. In other words, neuronal outgrowth measured in neurons with few processes that are very long and in neurons with many processes that are short, can both result in the same amount of total neurite outgrowth. However, we observed a similar number of primary neurites across treatment groups compared to controls. Branching per neuron can also affect total neurite outgrowth. Neurons with longer neurites and fewer branches can have the same total neuron outgrowth as neurons with shorter neurites, but more branches. However, there were no measurable difference in the average number of branch points for experimental and control cultures.
Thus, the results of our study show that activation of Ca 2+ -permeable KA receptors may have a profound impact in modulating morphological development of DRG neurons through regulation of outgrowth of neurites in culture, possibly providing a stop signal for DRG neurons during synaptic contact. This scenario is consistent with antagonists of KA receptors blocking the effects of KA on neurite outgrowth. Indeed, such a stabilizing effect of KA receptor activation has been shown for hippocampal neurons (Tashiro et al., 2003; Ibarretxe et al., 2007) .
